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ABSTRACT

New experimental upper limits for the branching ratios of
the le ton-family-number nonconserving dec&ys u+ + e+y and
u+

t+ e YY are presented. A nev determination of Y, the

ratio of pion axial vector to vector form factors, from
radiative pion ti?cay ‘.s also reported. These results are
from data taken vith the Crystal Box detector at LAMPF.

1. RARE WON DECAYS

No process violating conservation of lepton family number, like
v+ + e+y, u + + ●+e+e-, ~ + ●+yy, and V-A + e-A, has ● ver been seen.
Such processes are forbidden in the standard model~ of ●lsctrowak
interactions, but are allowed in many extensions to this model.z The
existing ●xpeiime.ltal upper limits for the transition rates impose
model-d~pendent constraints on the theoretical parameters, llke
mixing angles or gauge-boson masses, that describe such processes.

The best present
$

ex ●rimental up er limits (90% r.L.) of the
!branching ratios for IJ+ +e yand B+ + e Yyarej’t

Ve report here improved limits for Be and Bey from data taken vith
the Crystal Box detector in the stop~ed muon ~hannel at the Clinton
P. A.,derson Meson Physics Facility (LAHPF).

The Crystsl Box detector,~ showi In Fig. 1, consists of 396
NaI(Tf) crystals, 36 plastic scintillation hodoscope counters, and a
cylindrical 8-plane stereo drift chambera surrounding a thin planar
polystyrene target where muons decay at rest, The position
resolution of ●ach wire is 330 pm, The NaI(TQ) position resolution
is 4.7 cm. The NaI(TQ) ●nergy resolution for positrons and photons
is - 7%. The timing resolution of th~ NaI(TQ) is 1.2 ns and of the
scintillators is 0.29 ns. (All resolutions ar@FVHH. )



The data for p+ +e+Y,

Fig. 1. The Crystal Box

IJ+ + e+e+e-, and I.l+ + e+w vere
collected concurrently, Data
vritten on magnetic tape for
each candidate rare-decay ●vent
included timing and eriergy
information from all hodoscope
counters and from those NaI(Tfl)
crystals with at least 0.1 HeV
deposited etwrgy, and timing
information from the drift-
chamber cells that were hit.

The apparatus acceptances
for the rare decay modes was
determined with a Honte Carlc
simulation, based on the shower
code EGS3,7 that accurately
reproduced the response of the
detector to photons, positrons,
and electrons.

The B+ +e+ ~data analysis is presented first. The signature
for a u+ + ● Y decay at rest is a positron and a photon
back-to-back, in time coincidence, vith E = E = 52.8 HeV. The
hardvare trigger for u+ + e+y required a cofncid~nce vithin 25 ns of
a !Ipositron quadrant “ and an opposite “photon quadrant”, with ‘t
least 30 HeV deposited in the NaI(TQ) of ●ach quadrant. A positrc~
quadrant had a hodoscope counter signal and one or more NaI(TC)
discriminator signals. A photon quadrant hati no hodoscope counter
signal and at least one NaI(Tfl) discriminator signal. The trigger
selected - 107 candidate from - 101~ muo,] decays. The detector
resolutions for ●clergies, times, and directions were sufficient to
identify backgrounds from u+ + e+v=y and random coincidences.

The offline data reduction retained for subsequent analysis all
IJ+ + ey ●vents and an appreciable number of M+ + ●+vGy ●vents and
random coincidences, . The remaining 17 073 ●vents satisfied
lAte I < 5ns, eey ~ 160”, Ee ~ 44 HeV, ‘and E ~ 40 HeV. Fig. 2a
shovi! Ate , the photon-positron relative ti~ing, for a subset of
these even~s. The broad distribution isdueto random coincidences,
vhile the rompt peak is due to U+ + ●+fiy and possibly IJ+ + #*y.

!The IJ + ●+y content vas found by maximizing the likelihood

vith respect to the parameters n and I)R - N - ney - nl that+ ev’+n$ti~+wgvp and randomestimated the number of u+ + e Y, IJ P●ven s in
the total sample of N ewnts. P, 0, ●nd R vere the probability
distributions for p+ + ●+y, P+ +e+w%, and random ●vents,
respectively. The vector ~ had components e y, bt , Ee, and 8 .

Fig. 3 shovs the normalized likelihoo$ func?~on. It pea~a at
. 0 and nlB ● 3470 A 80 f 300 wonts.‘ey The latter agrees veil
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Fig. 2. Histograms of Pr candidates rig. 3. u+ey likelihood

with the 3960 t 90 t ?00 p+ + e+vty ●vents expected in the data.
The likelihoml tunct~cm distribution implies ne < 11 ●vents (W%
C.L.). Using the number of ❑uons stopped, 1.35 K ~012, during the
live time oi the experiment, the apparatus acceptance for IJ+ + e+y,
().305, and the detection efficiency, 0.545, we
B

obtain
<4.9 M1OLL. Fig. 2a-d shova the agreement between the dmta

(k~stogrammed) and tha beat mix of u+ +e+vly and randoms (smooth)
ns determined by the likelihood analysis.

The preliminary analysis of - 60% of the u+ + e+yy data is
presented next. The signature for a p+ + e+yy decay at rest is a
positron and two photons in time coincidence ●merging vith zero net
momentum and Et t = Be + E +E2 = 105.6 HeV. The three part~.cles
could strike ?wo quadra~~s o~ the Crystal Box and fire the ey
trigger discussed abov~f or could strike three quadrants and fire
the e}y trigger. ThaV+ + ●+yy trigger required a time coincidence
vlthin ?5 ns of a positron quadrant and tvo photon quadrents, with
at least 70 HeV deposited in the NaI(Tfl) calorimeter.

The ●rr trigger racorded - I& candidates from - 101~ muon
decays. In addition, - 10S candidates were found in the
ey-triggered ●vents, wher~ tho positron and ona photon occupied the
same quadrant, Fig. 4 shows tha relativa timing distribution for
some of these ●vents, tho majority baing backgrounds from triple
random coincidences or two-partich prompt ●wnis in random
coincidanca with a third particlo (t.g.c u+ + ●*WY + y).

Th@ offline analyaia romovad ●ost of tha doubl~- and
triple-random coincidmncen while r~taining ●ll of tha V+ + ●+Yr

events, assuming tha most general local interaction for tha
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Fig. 5. p+eyy likelihood

u++ e+yy matrix element.e Events with one particle showering and
appearing as two hits in the trigger in coincidence with another
particle were removed b;’ energy and apening-angle cuts.

The number of IJ+ + e+yy events in the remaining sample of ]5
events was estimated by maximizing the likelihood

N
L(n ) - 11eyy

[
!!# P(ii) + ~

i-l
U R(?i)

1

with respect to the parameters n and n = N- n
a

that estimated
the number of IJ+ + e+yy Eand ~~kgroun events
events. f~yt;:r=:$l: ::y:P and R were the probability distributions
and background, respective . The components
At = 2t - t

of ~ were E Ot,
Ifa + #b + #cx#a I and cosa 9 PC*b

vhere ?a an~’ ~Rt~~;e f~e”momenta most near~y perpendicular t$ •~%
other, ~ b was t e unit vector normal to the pa-pb plane? and c was
the thir~ particle’s ❑omentum.

The likelihood function distribution in Fig. 5 implies
< 4.2 (90% C.L.).

‘e~yx 1011 ,
Using the number of muons stopped,

8 . . . during the live tjme of the experiment, the apparatus
acceptance for P+ + e+yy, 0.071P and the detectcr ●fficiency? 0.501~
ve obtain Oeyy < 1,5 x 10-10 (90% CoL.).

2. RADIATIVE PION DECAY

The low-energy behavior of OCD, the strong. interaction
component of the standard model, is extremely difficult to
determine. Nevertheless, there are serious attempts to calculate
low-energy parameters such as the ratio y ■ FA/Fv of the pion weak
axial-vector to vector form factors, This ratio can be measured in

+ -~ ●+v y, where the decay rate isthe radiative decay of the pion, R
determined by the coherent admixture o! an amplitude sensitive to



the strong interaction (r dependent) and an amplitude that accounts
for QED corrections to the decay n’ + e+ve.

The weighted averages of two previous ❑easurementslo ’ll of y
are Y = 0.4.1 * 0.06 or y - -2.36 * 0.06. The results are ambizuous
because the experime~ts detected phctons and positrons in a region
of phase space vhere the term in the decay rate proportional to
(l+y)n dominates. Ve report here data that resolves the ambiguity
in the measurement of y.

Pions passed through a CH2 degrader and a segmented
scintillation, beam counter, then stopped and decayed in a planar CHZ
target in the Crystal. BoJ:. The trigger required a coincidence
within *5 ns of a positron quadrant and an opposite photon quadrant;
these signals had to appear vithin 50 ns of a signal from the beam
counters. The trigger recorded - 107 candidates from 4 x 1010 pion
decays. Events from M+ + e+v%y were eliminated by requiring
Ee+E+l~e +#l>115HeV. Wents from It+ + e+~ey and rando~

“J xcoincl ences in t e shaded region of Fig. 6 vith 105 ~ Oey < 180
were retained for subsequent analysis.

The ratio of the number of prompt events in the cross-hatched
region of Fig. 6 to the number of pim stops (corrected for
n+ + ●+~ y detection efficiency) gave the measured branching ratio
for n+ +ee+vey in this region. Comparing this measurement to the
branching ratio calculated as a function of Y, we find
Y= 0.22 t G.150r y - -2.13 t 0.15, in agreement with the previous
measlJremen ts.
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Fig. 6. n+evy Dalitz plot
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Fig. 7. n+evy likelihood

The distribution of events in the shaded region of Fig. 6 vas
used to resolve the ambiguity in y. Ve maximized the likelihood

by varying the ratio y and the par&meters n
that estimated of the number of K+ +e+ve*, a;~yra;;!m;!e;t~;nn~{~



sample of N events. P and R were the probability distributions for
n+ +e+v y (for a ar~i:ular value of y) and randoms, respectively.

8The coor inates of f vere e , At , and E .
Fig. 8 shovs the norms ~~zed ~~~e%hood as~a function of Y. The

positive value for y is favored over the negative value by a
likelihood ratio of 2175 to 1. Thus ve obtain the unique solution
y = 0.22 i 0.15. Tha nev vorld average is Y = 0.38 i 0.06.

3. SUNHMIY

Using data from p+ decays in the Crystal Box detector, ve have
obtained improved upper limits on the branching ratios of the
lepton-family-number nonconserving decays IJ+ + e+y and B+ + e+w of
Be < 4.9 x 10-11 and B. < 1.5 x 10-10, respectively. Using data
fr~m n+ decays, ve havee ~solved the ambiguity in the measurement of
Y, the ratio of pion axial-vector to vector form factors, in favor
of the positive value, vith a new vorld average of y . 0.38 ~ 0.06.

We acknowledge the extraordinary assistance trom the many
people at each of our institutions and from the operations staff at
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